Classical-mechanical isoenergetic molecular dynamics simulations model Xe atoms and XeN clusters trapped in a cage of atomic dimensions, a homogeneous spherical cavity with Morse interaction between its walls and the rare gas atoms. The main interests are the differences in structures and dynamics of rare gas clusters confined and in free space. As the total energy increases, the confined rare gas clusters undergo a distinct phase change from a quasi-two-dimensional fluid to a gadabsorbate exchange fluid. The size of the confined rare gas clusters plays an important role in this transition. The slowest-slide and eigenvector-following methods are used to investigate the saddles of the multidimensional potential surfaces of the clusters.
Introduction
Understanding the dynamical behavior of adsorbents in microporous solids has been an ever-growing research field. Due to the combination of their inertness and sensitivity of their NMR spectra to environment, 129Xe atoms serve as good probes to investigate the properties of molecular sieves. The atomic dimensions of some of the tunnels connecting the cavities confined adsorbates larger than a certain size to a single cavity. Several experiments's2 indicate that the Xe clusters may be formed under high loading conditions. If the influence of the Xe atoms in adjacent cavities is negligible, the dynamics of the Xe clusters inside zeolite cavities can be studied by extending the methods used for rare gas clusters in free space3-' which have been well developed and can be easily adapted to study these systems, Simulation ~t u d i e s~-'~ of clusters in realistic cavities have given insight into the behavior of trapped atoms and clusters. Here, we simplify the cavity to study the relation between the cluster dynamics and the cavity structure parameters.
An important characteristic of clusters is the multiplicity of locally stable structures they exhibit or, in words aptly borrowed from hydrology, the multiplicity of "catchment basins" that occur on their potential energy surfaces. Each of these regions has an associated minimum-energy configuration for the cluster. The essence of this study is to investigate the relation between the thermodynamic and dynamical properties of occluded clusters, in terms of the topography of their underlying potential surfaces. Our approach was first to determine the stationary points, notably minima and saddles, on the potential surfaces, identify their connectivity, and then relate the observed dynamics to these structure features. Because of the interaction between the rare gas atoms and cavity walls, there are several features which make this system different from the rare gas clusters in free space. The angular momentum of the cluster around its center of mass is no longer conserved, and therefore the rotational motion influences the intrawell dynamics. The linear momentum of the cluster is also not conserved because the center of mass of the cluster may move around the cavity. Here, we use isoenergetic molecular dynamics simulations with the velocity version of the Verlet methodI4 to study the dynamics of different numbers of Xe atoms inside a single cavity at various energies. We will see how the atomic dimensions of the cavities influence the dynamics of the rare gas clusters. @Abstract published in Advance ACS Abstracts, October 1, 1995.
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Model and Method
The potential function of the system is composed of two parts, atom-atom and atom-cavity interactions. We use a pairwise Lennard-Jones 6-12 potential to describe the atom-atom interactions. In this work, the inner surface of the cavity is represented as a rigid, homogeneous, continuous spherical wall.
Instead of using only the attractive part of the van der Waals interaction as proposed by Derouane et al.I5 for interaction between rare gas atom and each element of the cavity surface, we chose the Morse potential, with both attractive and repulsive interaction, where d is the distance between a rare gas atom and an element of the cavity surface, and E is the dissociation energy per unit surface of Xe-cavity interaction. We preferred the Morse over the Lennard-Jones potential because of the flexibility of the former. With only two parameters, a distance r, at minimum potential energy and a well depth E, the Lennard-Jones potential can be transformed to a set of reduced units of length and energy, in effect making it a universal potential. In the present problem, this means that there is only one parameter to vary with Lennard-Jones potential, the ratio of the atom-atom and atom-wall potentials. The Morse potential has the additional parameter , 6 which allows for an independent choice of well width in addition to the depth. For this reason, the Morse potential enables us to simulate different degrees of Xe-cavity interaction.
We set the origin of the coordinates at the center of the cavity and integrate along the inner surface of the cavity to obtain the potential of interaction of a single confined atom with the cavity wall:
where R is the radius of the cavity, r is the distance between the center of the cavity and atom, and u is the surface density 15558 J. Phys of the cavity. This potential looks like two wells connected by a flat barrier shown in Figure 1 .
Isoenergetic molecular dynamics trajectories are generated by using the velocity version of the Verlet method as the propagator. The integration time step, At, is 5 x s, and the length of a typical trajectory is 2 ns. The minima of the potential surface of the occluded rare gas clusters are found by periodically quenching the system with the steepest descent quench method. To prevent rotational motion of the whole cluster around the center of the cavity, the initial configuration is generated by randomly twisting the global minimum structure, equilibrating, and then scaling the velocities to the desired total energy.
In order to map the schematic potential energy surface, the saddles were identified by using the slowest-slide methodI6 to bring the system close to the saddle points and then employing the hill-climbing or eigenvector-following method for which we chose the algorithm developed by Simons et al. I7 This method is useful when the Hessian near the saddle configuration has only one negative eigenvalue. In order to identify the saddle points, we projected the three infinitesimal rotations around the cavity center from the Hessian matrix. The projection matrix is adopted from the method proposed by Page and Mclver,I8 but only the rotational part is used. After the saddle is located, the steepest descent method developed by Page, Doubleday, and MclverI9 is applied to this saddle configuration to verify the connection between this saddle and minima.
The following thermodynamic and dynamical quantities are evaluated for a range of total energies:
(1) Average Kinetic Energy. According to the equipartition theorem, the temperature is proportional to the average kinetic energy in each degree of freedom. A cluster of N particles inside the cavity, with a drifting center of mass but no net rotational kinetic energy around the center of cavity, has a temperature T,
where the angular brackets denote an average over the whole trajectory, k~ is the Boltzmann constant, and Ekinetic is the total kinetic energy. Due to the spherical geometry of the cavity, the kinetic energy can be divided into radial and tangential components. The average values of these two components are also calculated.
(2) Mean-Square Displacement (MSD). This quantity is defined as where bij2 = (xi -xJ2 + (yi -yj)2 + (zi -zJ2, n, is the number of different time origins, and t0k is the time step at time origin k. The slope of the MSD is proportional to the diffusion coefficient D
In a similar spirit, the radial mean-square displacements (RMSD) defined as nl N where ri(f)2 = xi(t)2 + yi(t)2 + zi(t)2, are also calculated.
The VAF, C(t), is defined
(3) Normalized Velocity Autocorrelation Function (VAF).

nl N N
According to the same argument used for the MSD, the velocity can be decomposed into radial and tangential components, and the respective partial VAF's were also calculated. 
I(@) = 2 h w C ( t ) cos(ot) dt
(8)
The radial and tangential power spectra were also calculated in a similar manner.
(5) Distribution of Residence Times. During the MD run, the steepest descent quench method is used periodically to find the associated "inherent minimum". The sequence of inherent structures as function of time shows which wells are accessible and how long the trajectory resides in each well.
Results and Discussion
A. The Adsorption of Xe Atoms. We chose Xe clusters to demonstrate the relation between the cavity parameters and the locally stable structures of rare gas clusters inside this homogeneous cavity. The Xe-cavity potential function can be characterized by three parameters: the depth of the Xe-cavity potential well, the width of the half-minimum of this well, and the radial distance of the energy minimum from the origin. By varying (5 and p in eq 1, we can adjust respectively the depth of the Xe-cavity potential well and the width of the halfminimum of this well. We expressed the depth of the Xecavity potential well in terms of the well depth of the Xe-Xe pair interaction. The radial distance of the minimum of the Xe-cavity potential well is set according to the van der Waals radius of a xenon atom. The radius of the cavity was set at 6.5 A, and r,,, at 2.5 A. Xe clusters from Xes to Xes maintain the same geometry ( Figure  3 and Table 1 ) and the same order in energy for all our / 3 values. In another variation, we fixed / 3 at 1.89 and varied the depth of the cavity potential well over five values (see Table 2 ). We found that, from Xes to Xes in all the cases, the locally stable structures of the occluded Xe clusters retain the same geometry, but the energy sequence of these structures varies with well depth ( Table 2 ). All of the locally stable structures of occluded Xe clusters shown above fall into two distinct classes: those in an "adsorbed phase" with all Xe atoms adhering to the cavity surface and those in a "floating/adsorbed" or mixed phase with only one xenon atom floating above the other atoms which are adsorbed on the cavity surface. The locally stable structure A of Xes in Figure 3 has a 5-fold symmetry; this structure can be considered as the building block for all the other locally stable adsorbedphase structures for all Xe clusters under study. The locally stable structure A of Xes can be considered as a fusion of two of these structures. The locally stable structure A of Xes is like that of X e , but lacking a corner. Similar to Xes, the locally stable structure A of Xe7 has one Xe atom attached to one of the five edges. The Xes capped ring structure corresponds to the lowest magic number structure for rare gas clusters in free space. The magic numbers of Xe clusters in this cavity in its adsorbed phase are 6 and 8. The lowest magic number for the mixed phase is 7, and the corresponding structure is a pentagonal bipyramid geometry, a double-capped ring structure. The next magic number for this phase is 9.
There are two intriguing features about the locally stable structures. There are three locally stable structures of Xe7 which belong to the mixed phase, compared with only one in both Xes and Xes and two in Xes. When the well depth of Xecavity interaction is less than 10.886 (where E is the depth of the Xe-Xe well), as shown in Table 2 , the locally stable structures C in Xe7 and D in Xes, both double-capped ring structures, are more stable than those of adsorbed phase and become the global minima. However in Xe6 and Xes, the adsorbed form ceases to be the global minimum if the well depth of the Xe-cavity interaction is less than 5.446; we have also tested a value of 1.086. It reflects the stability of the doublecapped ring structure. In section C, we will explain why we refer to the occluded Xe cluster in the adsorbed as a gas/ adsorbate exchange fluid.
B.
The Stationary Points. In the course of finding the stationary points, it became apparent that the crest of the minimum-energy path linking two minima is not necessarily a traditional transition state, but may well be a second-order saddle. In the examples shown in Figure 4 , two flat regions Table 1 for a detailed description.
occur in the time evolution of the potential energy minima of the occluded Xe7, around which they vibrate. Because the rate of descent in the steepest descent quench is proportional to the gradient of the potential, the rate of descent becomes slower and slower as the system approaches any stationary point on the potential energy surface. The two-step shape shows that Li and Beny a The letter designations of the structures are the same as those of Figure 3 , and E is the depth of Xe-Xe potential well, which we take to be 221 K. The unit of energy is J x llme Evolution d POtentW Energy are those used in Figure 3 . In case a, there is only one negative eigenvalue in the first flat region and two in the second flat region. In case b, the numbers of the negative eigenvalues are the opposite to case a, two in the first flat region and only one in the second flat region. Each time step is 42.5 fs. there is only one negative eigenvalue, the eigenvector-following method is used to find the saddle. We chose Xe7 to demonstrate the connection between the first-order saddles and the locally stable structures (Figure 5 ).
C. Dynamics and Transitions between Two Phases.
In order to study the study the transition between two phases, we examine an occluded Xe7 cluster at three different total energies with B fixed at 1.89 and the depth of Xe-cavity potential well fixed at 21.77~. The corresponding radial distributions, MSD's, RMSD's, power spectra, radial and tangential power spectra, and residence time distributions are shown in Figures 6-12 , respectively. Even at a total energy below the energy range for transition between the adsorbed and mixed phases, the MSD shows that the cluster undergoes rapid structural change which can be predicted from the low-energy barrier between the locally stable structures of the adsorbed phase. This mobility is confirmed Figure 6 ; respectively. Each time step is 5 fs, and the unit of the vertical axis is AZ.
by the distribution of residence times. But the RMSD indicates that the radial motion of each Xe atom has a small amplitude and is nearly periodic. The radial distribution shows that all the Xe atoms remain adsorbed on the wall. The power spectra can be roughly considered as the sums of the tangential and radial power spectra, primarily because of the difference in their frequency ranges and secondarily because of their near orthogonality. This implies that the Xe7 cluster behaves like a twodimensional fluid with a high self-diffusion constant, conesponding to the liquidlike cluster in free space. The loss of coherent phase in the radial motion is due to the interaction between the Xe atoms and the curvature of the cavity. Due to the curvature of the cavity, when Xe atoms move toward the center of the cavity, the distance between Xe atoms decreases and collisions occur, so that the radial motion slowly loses its coherent phase. With increasing total energy, the RMSD shows a decrease in correlation time but increasing irregularity and increasing amplitude with time. When the radial motion becomes irregular, the radial distribution builds up near the center of the cavity, and the rate of passage between the adsorbed phase and the mixed phase increases. This can be interpreted simply by inspecting the distribution of residence times (Figure 12 ). The power spectra show the transition between regular and irregular radial motion. From this, the coupling between the tangential and radial motion becomes obvious. The closer the atoms are to the center of the cavity, the weaker is the Xe-cavity interaction. This means the motion of the floating Xe atom is influenced mainly by the Xe-Xe interaction and therefore becomes irregular. By following the radial motion of individual Xe atoms, we can identify the exchange of the floating Xe atom and an adsorbed Xe atom, as shown in Figure 13 .
D. The Effect of the Cluster Size.
To investigate the dependence of dynamics on cluster size, we define two Xe atoms to be in collision when the distance between them is less than 4.46 A, the van der Waals diameter of a Xe atom. For the purposes of tabulation we increase the number of collisions by one whenever the two atoms in collision begin to move away from each other. The number of collisions between Xe atoms for various MD runs for XeN, from Xe2 to Xes, is shown in Figure 14 . The slopes of the number of collisions us average temperature indicate that, for occluded Xe clusters larger than Xe3, Xe atoms have more chance to collide with each other as temperature and number of Xe atoms increase. Figure 15 shows the number of collisions from Xe3 to Xes, all for an average temperature around 300 K. The number of collision increases dramatically between Xes and Xe4 and beyond Xes. According to our model, the main difference between the small occluded Xe clusters, especially Xe:! and Xe3, and the larger XeN clusters is the existence for the latter of the locally stable structures associated with the mixed phase. The only locally stable structures for Xe3 have all the atoms on the cavity wall. The locally stable structures associated with the mixed phase obviously have more Xe-Xe contacts than the structures associated with adsorbed phase. The average temperatures for the transition from the adsorbed phase into the gadadsorbate exchange phase decrease as the size of the Xe clusters increases. By inspecting the distribution of residence times, we are able to find the average temperatures at which the gadadsorbate exchange phase begins to build up for the occluded Xe clusters. For Xes to Xes, these temperatures are around 430, 330, 240,
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Step P u t k l c 7 Figure 13 . Radial motion of the individual Xe atoms for Xe-, with average temperature 445 K, under the same conditions as case c in Figure 6 . Each time step is 5 fs, and the units of the vertical axis are A.
and 192 K, respectively. Since the transition temperature is lower for large than for small Xe clusters, the residence time in the gadadsorbate exchange phase for large clusters increase, and therefore the number of Xe-Xe collisions increases as the number of atoms in the occluded Xe clusters increases.
Conclusion
In this paper, we try to clarify the roles which the Xe-Xe and Xe-cavity interactions play in the dynamics of the Xe clusters inside a simple homogeneous cavity. The combination of the curvature of the cavity and the difference in strength between Xe-Xe and Xe-cavity interaction plays an important role. If the attractive Xe-cavity interaction is much larger than the Xe-Xe interaction, the low-energy arrangements of Xe clusters in the cavities are those in which all the Xe atoms are adsorbed on the cavity walls; for these, the radial motion is stiff, but the tangential motion is floppy. Because of the high curvature of atomic-sized cavities, even small-amplitude vibrational motion between Xe atoms and the cavity inner surface can cause Xe-Xe collisions and generate tangential motion. The mixing between the radial and tangential motions makes the occluded Xe clusters behave a little like liquid clusters in free space. The interconversion of energy from radial to tangential motion also plays an important role in the phase change between the adsorbed and the gadadsorbate exchange phaselike forms. As the total energy of an occluded cluster increases, the amplitudes of its radial motions increase, and the Xe-Xe collisions become more energetic. Close to the center of the cavity, the Xe atoms are less influenced by the Xecavity interaction; there the weaker Xe-Xe interactions play the dominant role. Due to the simplicity of the homogeneous cage model, there are several things worth noting when one tries to apply the results to the occluded Xe atoms in zeolite cavities. Since there no preferential adsorption sites for Xe atoms, the occluded Xe atoms in zeolite cavities tend to closely aggregate, the way the Xe clusters do in free space. The energy exchange between radial and tangential motion can be generated from Xe-wall collisions. Even with this simple cage model, the results of this work provide a way to explain the relationship between the Xe-Xe and Xe-cavity interactions.
